Abstract. A key parameter governing the secular evolution of protoplanetary disks is their outer radius. In this paper, the feedback of realistic dust grain size distributions onto the gas emission is investigated. Models predict that the difference of dust and gas extents as traced by CO is primarily caused by differences in the optical depth of lines vs continuum. The main effect of radial drift is the sharp decrease in the intensity profile at the outer edge. The gas radial extent can easily range within a factor of 2 for models with different turbulence. A combination of grain growth and vertical settling leads to thermal de-coupling between gas and dust at intermediate scale-heights. A proper treatment of the gas thermal structure within dust gaps will be fundamental to disentangle surface density gaps from gas temperature gaps.
Introduction
Spatially resolved observations of protoplanetary disks in both gas and dust are providing new estimates on their radial extents and surface density profiles (e.g. Piétu et al. 2014; Tripathi et al. 2017; Tazzari et al. 2017) . Both quantities are fundamental parameters in any planet formation model (Mordasini et al. 2012) , and together with the disk mass they define the planet formation potential of protoplanetary disks. In particular, the outer radius is a key quantity that could disentangle different evolutionary scenarios of disks, since it is expected to spread outwards in viscous evolution theory (Lynden-Bell & Pringle 1974) , whereas spreading is suppressed if disk evolution is driven by magnetic winds (Bai 2016) . The radial extent estimates mentioned above are all based on the (sub-)mm continuum brightness distribution, which traces the dust component. Observations of gas tracers, such as rotational transitions of 12 CO, are however showing that the gas seems to extend out to larger radii than the dust. Dutrey et al. (1998) and suggested that this difference may be due to optical thickness effects, with the gas lines being more optically thick than the (sub-)mm continuum counter-part. However, the steep radial decline in surface brightness at the outer edge of the dust disks has also been interpreted as the smoking gun of radial drift of large dust particles (e.g. Andrews et al. 2012; de Gregorio-Monsalvo et al. 2013; Piétu et al. 2014; Birnstiel & Andrews 2014) .
In this paper, we address this potential difference between gas and dust radial extent taking into account the effects that the dust properties have on the gas temperature and chemistry. Precise estimates of the gas temperature and chemical abundances are needed to correctly predict the molecular emission in the outer regions of protoplanetary disks, which are used in observations to trace outer radii. The grain size distribution of dust particles affects the gas chemistry and temperature, and thus the CO abundance and excitation, in multiple ways. Among the most important effects, the grain size distribution Figure 1 . Diagram of the new DALI version used in this paper (taken from Facchini et al. 2017a ). The blue box shows the input parameters of the models, in particular the disk gas density structure, and stellar parameters. Red parameters indicate physical quantities that are needed to compute the dust properties across the disk. Boxes with orange contours are DALI modules developed for this particular project. The final green box indicates the observables produced with the DALI ray-tracing.
resulting from grain growth, radial drift and vertical settling sets the opacity at far ultraviolet (FUV) wavelengths, and thus the penetration depth of photons capable of dissociating strongly bound molecules as CO. UV radiation and is important for the gas temperature through photoelectric heating. Then, the dust opacities at infrared (IR) wavelengths are important for the gas cooling, which in the upper layers is dominated by IR lines of simple chemical species. The dust surface area also sets the amount of thermal coupling between dust and gas components. Finally, the dust surface area affects the balance between desorption and adsorption of ices onto the surface of dust grains.
A simultaneous modelling of both dust and gas thermal structures in typical protoplanetary disks is performed in the following sections in order to compare the predictions of the dust and gas radial extents when the feedback of realistic grain size distributions of dust particles onto the CO abundance and emission is analysed. The dust properties are computed with state-of-the-art dust evolution codes (Birnstiel et al. 2015) . In order to determine the gas temperatures and chemical abundances of both ice and refractory species, the thermo-chemical code DALI (Bruderer et al. 2012; ) is used and generalised to consider the underlying dust properties.
Method
The method used in this project is thoroughly described in Facchini et al. (2017a) . Here we present a short summary. The most important addition to previous thermochemical models is the calculation of realistic dust properties based on dust evolution models. The main input parameters of these calculations are the gas density structure, which in DALI is two dimensional in R and z, the stellar parameters, and the dimensionless turbulent parameter α (Shakura & Sunyaev 1973) , which determines both the radial and the vertical dependence of the dust grain size distribution. The gas surface density is parametrized as an exponentially tapered power-law, with a gaussian vertical profile to mimic an isothermal steady-state. The radial grain size distribution is computed using the semi-analytical prescription of Birnstiel et al. (2015) , where processes such as grain growth, fragmentation, erosion, and radial drift are taken into account. The calculations are performed using 250 bins in grain size, logarithmically sampled be- , and three models with α = 10 −2 , 10 −3 and 10 −4 , from top to bottom. Note the growth of the average dust size to mm sizes in the disk midplane. Right panels: ratio of gas and dust temperatures for the same models. The yellow dashed lines indicate the τ = 1 layer of the 12 CO J=3-2 transition. Note that Tgas < T dust in the 12 CO emitting layer for low α values. tween 50Å and 10 m. The dust-to-gas ratio is kept fixed (at a 0.01 value) in the whole radial grid. Thus, radial drift is taken into account in the determination of the largest particle size attainable in the disk, when fragmentation does not dominate, but it is not self-consistently considered to compute the evolution of the dust-to-gas ratio. The radial grain size distribution is then used to compute the vertical segregation of dust particles, based on the steady-state advection diffusion equation of vertical settling (e.g. Dubrulle et al. 1995) . With these calculations, mass-averaged opacities can be calculated in every point in the disk, and the dust temperature is determined with the DALI continuum radiative transfer.
As for the thermo-chemistry, DALI self-consistently computes the gas temperature and chemical abundances, based on a reduced chemical network. Both in the thermal balance and in the chemistry there are processes that depend on the dust surface area available, in particular:
• freeze-out and desorption • photo-processes on dust grains • gas-grain collisions;
• H 2 formation • hydrogenation Obviously, there is also a clear dependence on the dust temperature and the continuum intensity spectrum. The code has been upgraded to take into account the dependence of all these effects on the dust surface area. From the density distribution of the 250 grain sizes, the average dust surface area is computed in every point of the disk using the prescription by Vasyunin et al. (2011) .
The results of the models containing grain growth and vertical settling are compared against the output of a model where the dust properties are more simply parametrised. In the next sections this model will be referred to as "STN". All the models shown in this paper have the same gas density structure and stellar parameters, which are taken as the best representative values of the disk HD163296 from de Gregorio- Monsalvo et al. (2013) . The differences that are observed between the models are due to the different dust grain size distributions across the disk.
The thermal interplay of gas and dust in protoplanetary disks 
Dust and gas temperatures
Grain growth and vertical settling have a significant effect both on the dust and on the gas temperatures. The left panels of Figure 2 show the average grain size that is obtained across disks where different turbulent parameters have been used, ranging between α = 10 −2 and 10 −4 . Comparison with the typical value of 0.1 µm used in the chemical calculations of disks is also portrayed. As turbulence decreases, the dust becomes more severely settled towards the disk midplane. Moreover, the maximum grain size reached in the disk midplane at a given radius is larger for lower turbulence, since turbulent velocities of dust particles become lower, and thus grains are less prone to fragment.
Severe vertical settling can lead to the peculiar effect of having a region where gas is colder than the dust particles at intermediate scale heights (see Figure 2 , right panels). In the upper layers of the disk, the gas is usually much hotter than the dust, in particular in the region that is still optically thin to FUV wavelengths, since most of the gas heating in these regions comes from photoelectric effect on polyciclic aromatic hydrocarbons (PAHs). When significant vertical settling of dust particles occurs, there are two effects that come into play: there is a region in the intermediate layers that is optically thick to UV wavelengths, but optically thin to IR wavelengths, so most of the cooling lines can still escape. Moreover, in this same region the dust densities are not high enough to lead to thermal coupling between the gas and the dust components via gas-grain collisions. The combination of the two effects can make the gas colder than the dust component. Interestingly, on the same panels in Figure 2 , the τ = 1 layer of the 12 CO J=3-2 transition is overlaid, and it crosses exactly the region where the thermal de-coupling occurs.
In the disk midplane, when turbulence is low, there can be a radial range where the disk is self-shadowed, in particular when the radial gradient of the maximum grain size is steeper than the radial gradient of the gas surface density. However, in the disk outer regions, the dust particles are small enough that they are stirred up to high altitudes very easily. These two effects combined lead to a thermal inversion in the disk midplane (see Figure 3 , left panel), with a dust temperature that can radially increase in the outer regions of the disk. For a warm disk, as the one analysed in this paper, this inversion can happen close to the sublimation temperature of CO, at ∼ 20 − 25 K. The right panel of Figure 3 shows that for the α = 10 −3 and 10 −4 models, CO can freeze-out at the lowest temperatures of the respective models, but then is desorbed back into the gas phase in the outer regions of the disk, where the dust temperatures are higher than the CO sublimation temperature. In these calculations, a CO binding energy of 855 K was assumed, typical of CO pure ice (e.g. Collings et al. 2003) . In the models presented here, this second desorption front is due to a temperature inversion, not to an increase penetration depth of UV photons, as in the models by Cleeves (2016) . Interestingly, in both scenarios radial drift plays an important role in predicting this trend, which has been observed (or inferred) in recent ALMA images (e.g. Schwarz et al. 2016; Huang et al. 2016; Dutrey et al. 2017; Salinas et al. 2017 ).
Impact on outer radius estimates
It has been shown that the gas temperatures can be significantly affected by grain growth, vertical settling and radial drift. The gas temperatures are important in determining the radial intensity profiles of significantly optically thick and bright molecules, which are the more natural lines to use when trying to determine the radial extent of the gas component of a disk out to the very cold regions. If the radial extent of a disk is defined as the radius where the radial intensity profile reaches a specific value (that 12 CO, and a dynamic range of 10 for 13 CO. Note that the underlying gas surface density is the same in all models. Panels adapted from Facchini et al. (2017a). can be set by the sensitivity of the observation, or as the radius at which the intensity is lower than the peak by some fixed amount), the thermal coupling between gas and dust can play a significant role. Figure 4 shows the radial intensity profiles of the models presented in Section 2, for sub-mm thermal continuum at 850 µm, for the 12 CO J=3-2 line, and for the 13 CO J=3-2 line. At a fixed peak intensity ratio, the estimated radial extent obtained from both 12 CO and 13 CO has a significant dependence on turbulence. Since the gas density structure is exactly the same for all the models, the difference is due to the radial gas temperature profile along the τ = 1 layer of the lines being steeper for lower turbulence values. Thus, as the layers where the lines originate become colder, the line intensities become lower in the outer regions of the disk, and the disk looks more compact with a steeper surface density profile (see Figure 5) .
The radial extent as probed by the submm continuum is not significantly affected by grain growth and radial drift. The top panel of Figure 4 shows the radial intensity profile at 850 µm, and the difference between the models including grain growth and radial drift and a model with a uniform grain size distribution (the STN model) is not very significant. However, for low turbulent values, the steep radial gradient in the maximum grain size attained in the disk midplane makes the outer regions of the intensity profile very steep. In these models, this is not due to a radial variation in the dust-to-gas ratio (which can have a significant effect, not considered here, as shown in Birnstiel & Andrews 2014) , which is kept fixed, but to the radial gradient of the grain size distribution, a direct consequence of radial drift. Thus, the difference of the radial extent of the continuum and line emission can be largely explained by an optical depth effect, with the dust continuum being optically thin and the CO lines being optically thick. The effect of radial drift can be seen in the sharpness of the continuum outer edge. Figure 6 shows a summary plot of the ratio of disk outer radii as probed by submm continuum (R out mm ) and CO isotopologue lines (R out CO ), where we stress again that the underlying gas surface density is exactly the same for the three turbulent models. The ratio increases with turbulence, since R out mm is not significantly affected by the value of α, whereas R out CO shrinks for low turbulence values. This result emphasizes how important the simultaneous modeling of both gas and dust can be when interpreting observables as the disk outer radius, and in particular the significance of a proper implementation of realistic grain size distributions in the thermo-chemical models. This holds true for "simple" observables as the disk outer radius, but is at least as much important when trying to infer gas surface densities of disks, in particular when we know from observations that the dust properties are changing dramatically with radius, showing a plethora of substructures, as rings, gaps, spirals and azimuthal asymmetries (e.g. van der Marel et al. 2013; ALMA Partnership et al. 2015; Pérez et al. 2016) . For example, determining the level of thermal coupling within the dust gaps will be important to correctly interpret the gaps that observations are starting to probe in gas tracers (Isella et al. 2016; Teague et al. 2017; Fedele et al. 2017 ). Good gas temperature estimates across the gaps, e.g. via line ratio determinations, will be important to disentangle between surface density and temperature gaps (Facchini et al. 2017b Figure 6 . Ratio of the CO outer radius R out CO and the mm outer radius R out mm for the different turbulent models, where a dynamic range of 30 has been used for both the continuum and the gas outer radius estimates. Figure adapted from Facchini et al. (2017a) . The color version of the figure is available in the electronic form or in the original paper (Facchini et al. 2017a ).
